INTRODUCTION
In process industry, the presence of time delay or deadtime often causes poor control performance or even closed-loop instability. In fact, the presence of deadtime has been recognized as one of the limiting factors for the closed-loop performance [1] . Interestingly, plant models which incorporate deadtimes, such as the First-Order plus Deadtime (FOPDT) model has been used rather extensively in PID controller design, i.e., PID controller tuning formulas or rules. Since the well-known Ziegler-Nichols PID tuning formula introduced in the 1940s, a large number of PID tuning formulas based on the FOPDT model have been developed; see the report in [2] .
In this brief paper, we shall demonstrate a new approach to devising an advanced PID controller augmented with a filter; this PID formula is derived based on the principle of the Multiscale Control (MSC) scheme recently introduced by Nandong and Zang [3] .
The rest of this paper is organized as follows. Section II provides a brief overview of the MSC scheme and a PID tuning formula derivation based on the FOPDT model. Section III demonstrates the effectiveness of the proposed PID tuning formula using two case studies: Steam Superheater and Cement Cooler Grate systems. Finally, Section IV highlights some conclusions and future works.
II. MULTI-SCALE CONTROL SCHEME

A. Multi-scale Plant Decomposition
The details about the Multi-scale Control (MSC) scheme can be found in [3] . Here, we only provide a brief overview of the MSC scheme. The principle of the MSC scheme is first to decompose a given plant into a sum of basic factors or modes with distinct speed responses. For a general case, consider a rational transfer function P which can be decomposed into a sum of 1 + n basic factors or modes as follows:
is the plant factor, which is either first or second order system with real coefficients. The dynamic of i P is slower than that of
the innerlayer factor. Notice that this general case results in a 1 + n -layer MSC scheme. In real application, we might just need a 2-or 3-layer MSC scheme. In this present paper, we demonstrate the application of the 2-layer MSC scheme to constructing a PID tuning formula based on the First-Order plus Deadtime (FOPDT) model.
B. Realization of the 2-Layer Multi-scale Control Scheme
The block diagram of a 2-layer multi-scale control (MSC) scheme is shown in Figure 1; i.e., a given plant P can be decomposed into 2 modes (
Here, i W is called the multi-scale predictors; i K the multi-scale sub-controllers; c P the augmented overall plant transfer function. The outermost sub-controller ( 0 K ) corresponds to the factor with the slowest dynamic ( 0 P ) and 1 K corresponds to the fastest dynamic ( 2 P ).
In Figure 1 , the closed-loop transfer function for the inner layer is given by:
The augmented overall plant transfer function is expressed as
The overall MSC controller is then given by 775 978-1-4799-4315-9/14/$31.00 c 2014 IEEE (5), we obtain 2 modes as follows
The multi-scale predictor is chosen to be the inner mode
Assuming that a P-only controller with gain 1 c K is used in the inner-loop, the following closed-loop transfer function is obtained
Equation ( K , which needs to be included in (19) to get the correct sign for the overall controller gain.
It can be easily shown that the overall MSC controller (18) can be expressed as a practical PID controller augmented with a filter in the following form:
The equivalent MSC-PID tuning parameters • The values of 0 λ and 1 λ are adjusted first while keeping 1 = γ until gain margin (GM) approximately 7 dB is reached. Then, γ is slightly adjusted to get a desired final response. For performance comparison, two other PID controller based on the FOPDT model are designed using the minimum IAE formulas of Rovira et al. [4] and Suyama [5] for ideal PID controller as given by:
III. ILLUSTRATIVE EXAMPLES
Example 1-Steam Superheater
Note that, the Rovira et al. [4] PID tuning formula is based on servo control while that of Suyama [5] is based on direct synthesis control. , which gives GM = 9.16bB, PM = °60 and DM = 43.9 seconds. Tuning parameter for Rovira et al. [3] give GM = 6.42, PM = °3 . 71 and DM = 46.3 seconds and tuning parameter for Suyama [5] give GM = 7.9dB, PM =°60 , DM = 39.9 seconds. The performances of the 3 different PID controllers are evaluated against 1 unit step change in the setpoint, 0.1 unit in input disturbance and followed by 1 unit in output disturbance. Figures 2 and 3 show the disturbance rejection performances at the nominal condition (28) for the three different PID controllers.
For the input type disturbance, it is obvious (Figure 2 ) that the MSC-PID controller shows improved performance over the PID controllers tuned using Rovira et al. [4] and Suyama [5] , i.e., smaller percentage overshoot and IAE value. But the settling times under the three different controllers are the same. Figures 4 and 5 show the closed-loop responses to input and output disturbances at the perturbed condition given in (29). In term of the IAE value, the MSC-PID provides better performance than that of the Rovira et al. and Suyama PID controllers. Overall, in term of the IAE value, the proposed MSC-PID controller gives the best performance both at the nominal and perturbed conditions; the Rovira et al. PID controller gives better performance than that of the Suyama PID controller at the perturbed condition, and vice versa at the nominal condition. The application of the 1/1 Padé formula to (34) yields an approximated model given as follows: For performance comparison, three PID controllers based on the FOPDT model (34) are designed using the PID formulas: (a) Witt & Waggoner [6] , (b) Kaya & Scheib [7] , and (c) proposed MSC-PID. The PID tuning formulas of Witt & Waggoner [6] and Kaya & Scheib [7] are developed for the classical PID controller of the form
Example 2 -Cement Cooler Grate
Also note that, the Witt and Waggoner formula [6] is constructed using a process reaction control, while the Kaya and Scheib formula [7] is based on servo control. The comparative performances of the three different PID controllers at the nominal condition in response to a consecutive a unit step change in setpoint and 0.02 units change in input disturbance are shown in Figure 6 . This figure also shows that the rise time for the MSC-PID controller is similar to that of other controllers but the MSC-PID exhibits much less overshoot. It is clearly shown that the setpoint tracking performance for the MSC-PID controller is better than the other two controllers tuned using either Witt & Waggoner or Kaya & Scheib formula. The disturbance rejection performances for the three different PID controllers are quite the same. Overall, the MSC-PID again gives better performance in term of the IAE value, i.e., with the smallest IAE value. Figure 7 demonstrates the closed-loop responses for the three different PID controllers under the perturbed condition given by (35). In this case, the MSC-PID controller provides the best performance. 
IV. CONCLUSIONS
Over the last few decades, a large number of PID tuning formulas based on the First-Order plus Deadtime (FOPDT) model have been developed. In this paper, we have presented a new approach based on the Multi-scale Control (MSC) scheme to constructing a PID tuning formula for a process represented by the FOPDT model. The formula provides effective tuning for a PID controller augmented with a filter. This new formula can be used as an alternative to tuning PID controllers with filters in industry. It should be noted that, the use of the augmented filter can significantly improve the nominal performance and performance robustness. Based on the two industrial processes (Steam Superheater and Cement Cooler Grate), we have shown the effectiveness of the new PID tuning formula based on the MSC scheme (MSC-PID) compared with some of the well-known PID tuning formulas established over the last several decades, e.g., Rovira et al. [4] , Suyama [5] , Witt & Waggoner [6] and Kaya &Scheib [7] . In future works, we will further extend the application of the MSC scheme to constructing a few other PID tuning formulas based on the Second-Order plus Deadtime (SOPDT) and Second-Order Integrating plus Deadtime (SOIPDT) models.
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